Dark matter-neutrino interactions through the lens of their cosmological
  implications by Campo, Andres Olivares-Del et al.
IFIC/17-54
IPPP/17/84
Dark matter-neutrino interactions through the lens of their cosmological implications
Andrés Olivares-Del Campo,1, ∗ Céline Bœhm,1, 2, 3, † Sergio Palomares-Ruiz,4, ‡ and Silvia Pascoli1, §
1Institute for Particle Physics Phenomenology, Durham University,
South Road, Durham, DH1 3LE, United Kingdom
2LAPTH, U. de Savoie, CNRS, BP 110, 74941 Annecy-Le-Vieux, France
3Perimeter Institute, 31 Caroline St N., Waterloo Ontario, Canada N2L 2Y5
4Instituto de Física Corpuscular (IFIC), CSIC-Universitat de València,
Apartado de Correos 22085, E-46071 València, Spain
Dark matter and neutrinos provide the two most compelling pieces of evidence for new physics
beyond the Standard Model of Particle Physics but they are often treated as two different sectors.
The aim of this paper is to determine whether there are viable particle physics frameworks in which
dark matter can be coupled to active neutrinos. We use a simplified model approach to determine
all possible renormalizable scenarios where there is such a coupling, and study their astrophysical
and cosmological signatures. We find that dark matter-neutrino interactions have an impact on
structure formation and lead to indirect detection signatures when the coupling between dark matter
and neutrinos is sufficiently large. This can be used to exclude a large fraction of the parameter
space. In most cases, dark matter masses up to a few MeV and mediator masses up to a few GeV
are ruled out. The exclusion region can be further extended when dark matter is coupled to a spin-1
mediator or when the dark matter particle and the mediator are degenerate in mass if the mediator
is a spin-0 or spin-1/2 particle.
I. INTRODUCTION
Collisionless dark matter (DM) has been the main paradigm for the last four decades. However, at the very
least, DM needs to have interactions to be produced in the early Universe. Interactions with neutrinos are the most
intriguing of all because they involve particles which provide the only evidence of new physics beyond the Standard
Model (SM) so far. It is therefore natural to ask whether DM and neutrino properties are related and whether these
two species can interact directly.
Non-vanishing DM-neutrino (DM-ν) interactions have several important cosmological and astrophysical conse-
quences. They can explain the observed DM relic density if DM has been thermally produced and annihilations into
neutrinos are the dominant channel. They can also lead to DM indirect detection signatures if DM annihilates or
decays into neutrinos in the galaxy [1–6] or via cosmic neutrino signals [7–9]. They can further produce dips in the
diffuse supernova neutrino background [10] and lead to possible anisotropies in the angular distribution of high-energy
neutrinos caused by their scattering off DM particles [11]. DM-ν interactions can also erase primordial DM fluctua-
tions, and eventually lead to a suppression of large scale structures (LSS) in the Universe [12] and of the number of
satellites in Milky Way-like galaxies [13–15], potentially solving the “too-big-to-fail” problem of cold DM. This effect
is referred to as the collisional damping [16–18]. Finally, DM-ν interactions can be at the origin of neutrino masses
in radiative models [19–22].
Here, we consider all possible renormalizable direct interactions between active neutrinos and DM. We do not
attempt to build a complete ultra-violet (UV) model but adopt instead a phenomenological approach in which we
consider the cosmological and experimental consequences of such interactions. It is not trivial to build a full theory
and the latter will often involve a more extended sector than just neutrinos and DM. A first difficulty arises from the
fact that left-handed neutrinos belong to SU(2) doublets. Therefore, naively, one expects large charged lepton-DM
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2couplings in the presence of interactions with neutrinos1. To avoid this issue, one could however invoke some mixing
between neutrinos and heavy neutral fermions so that DM-ν interactions effectively arise only below the electroweak
symmetry breaking scale (see, e.g., Ref. [24]). Secondly, in models which also aim to generate neutrino masses, the
introduction of a Dirac mass term can break the symmetry needed to ensure DM stability, by mixing its neutral
fermions with neutrinos. Nevertheless, models in which neutrino masses are generated radiatively can overcome this
issue by preserving a Z2 or larger symmetry [19].
In what follows, we restrict the extensions of the SM to models with one additional DM particle and one mediator.
We adopt the same simplified approach as in Ref. [25], where a generic light spin-1 gauge boson and/or a heavy neutral
(scalar or vector fermion) were proposed as mediators of the DM interactions, but we extend it to account for other
mediators. We consider all possible cases involving fermions and bosons, in an effort to get a systematic assessment
of the allowed parameter space. Given that we focus uniquely on a DM-ν interaction term, we disregard constraints
from colliders or beam dump experiments, since these bounds explicitly assume a coupling to either charged leptons
or quarks through mixing or through additional interactions. We note that such constraints would be relevant in an
UV-complete model though.
In Section II, we start by summarizing the constraints that apply to scenarios with DM-ν interactions. There
is a total of twelve relevant scenarios, which are presented in Section III. In Section IV, we determine the allowed
parameter space for each of these scenarios and conclude in Section V.
II. COSMOLOGICAL AND OBSERVATIONAL SIGNATURES
DM-ν interactions induce a variety of signatures. In this work, we mostly focus on the collisional damping effect and
on indirect detection signatures stemming from DM annihilations into neutrinos in the Milky Way halo. For reference,
we also mention the constraints obtained in the case of thermal DM, if one assumes the same DM-ν interaction to be
responsible for the observed DM abundance.
A. Relic density
Assuming equal number densities for DM particles and antiparticles, the typical value for the thermal average of
the annihilation cross section (times the relative velocity) that is needed to explain the observed abundance is about
〈σvr〉 ' 3 × 10−26 cm3/s for a constant cross section2. For the current analysis, we assume the DM particle and
the mediator to be the only beyond the SM particles, but in a complete model, other DM annihilation channels or
DM production mechanisms may be at work. As a result, the DM annihilation cross section into neutrinos may not
contribute significantly to the relic density calculations.
In what follows, we use this value to rapidly assess whether a candidate is over- or under-abundant. A more careful
approach would require to solve the Boltzmann equation. However, this would need to be done on a case-by-case basis,
since DM-ν interactions could change the value of the cosmological parameters and, in particular, ΩDMh2 [27, 28].
Such a detailed analysis is beyond the scope of this paper, but we have checked that, for representative mass benchmark
points, we could explain ΩDMh2 = 0.11 with an accuracy of a few percent.
B. CMB and structure formation
DM-ν interactions can leave a visible imprint in the matter and light distribution across the sky. Even though
they are expected to happen in the early Universe, such interactions can alter the physics of the cosmic microwave
background (CMB) and structure formation [16, 18, 29].
There are two main effects. Firstly, DM is no longer collisionless; as the DM particles scatter off neutrinos,
they diffuse out and wash out the smallest primordial fluctuations. This collisional damping effect translates into a
suppressed (oscillating) matter power spectrum, which can mimic a warm DM spectrum [17]. Secondly, neutrinos
1 We refer to Ref. [23] for a systematic study of the gauge invariant combinations that lead to sizable DM annihilation into neutrinos,
while considering experimental constraints for the DM coupling to charged leptons.
2 If the cross section is v2- or v4-dependent, a value of 〈σvr〉 ' 6× 10−26 cm3/s or 〈σvr〉 ' 9× 10−26 cm3/s is then required at freeze-out,
respectively [26].
3stay collisional for much longer than in the standard case. This reduces their free-streaming length and increases their
ability to cluster and form large-scale structures.
By confronting the CMB and LSS predictions to observations, one can get an upper bound on the strength of DM-ν
interactions. Using Planck’s angular matter power spectra, one obtains that the DM-ν elastic scattering cross section
cannot exceed σel < 6 × 10−34
(
mDM
MeV
)
cm2 [28, 30]. This limit is based on physical processes that took place in the
linear regime and is therefore fairly robust. Nevertheless, it would be a bit stronger with extremely precise polarised
data. An alternative is to require the matter distribution in the early Universe to be compatible with Lyman-α
observations. This means that the damping can only happen at small scales, which translates into a constraint on the
elastic scattering cross section of [27]
σel < 10
−36
(mDM
MeV
)
cm2 , (1)
for a constant elastic cross section, and
σel < 10
−48
(mDM
MeV
) (Tν
T0
)2
cm2 , (2)
for a temperature-dependent cross section, where T0 = 2.35× 10−4 eV is the photon temperature today. While there
are uncertainties regarding the use of Lyman-α emitters to constrain the matter power spectrum, similar limits have
been derived using the number of satellite companions of the Milky Way [13–15, 31]. Such limits are conservative and
could become much stronger with a better understanding of the role of baryons in galaxy formation, since astrophysical
feedback processes may also reduce the number of satellites (see, e.g., Ref. [32]).
C. Neutrino reheating bounds
DM annihilations into neutrinos after the neutrino decoupling from electrons, i.e., at T . Tdec ∼ 2.3 MeV [33], can
reheat the neutrino sector and lead to visible signatures. The subsequent change in the neutrino energy density is
equivalent to increasing the number of relativistic degrees of freedom, Neff , in the early Universe, according to
ρν ≡ ργ
[
1 +
7
8
(
Tν
Tγ
)4/3
Neff
]
, (3)
where ργ is the energy density of photons. However Neff cannot be arbitrarily large as this would impact the formation
of light elements at the time of big bang nucleosynthesis (BBN) [34–39] and the CMB angular power spectrum at
decoupling [40–50]. This condition eventually rules out DM candidates much lighter than a few MeVs [48, 51].
The derivation of the precise value of the DM mass bound assumes DM was in thermal equilibrium with neutrinos.
Nevertheless, even in the case of non-thermal DM, a limit on Neff could be set, if DM annihilates (or decays) into
neutrinos after BBN and before decoupling.
D. Signatures in neutrino detectors
DM annihilations in high density regions like the Milky Way may lead to a detectable monochromatic flux of
neutrinos (and antineutrinos) in neutrino detectors [2, 52]. This occurs because each neutrino produced from DM
annihilations in the Milky Way has an energy equal to the DM mass. Assuming for simplicity that DM annihilates
into the three neutrino flavours with the same probability (hence, the factor of 3 in the following equation), the
differential neutrino and antineutrino flux per flavour produced (and at Earth3) by DM annihilations in the Milky
Way halo is given by [2]
dφ
dEν
=
〈σvr〉
2
Javg R0 ρ
2
0
m2DM
1
3
δ(Eν −mDM) ≡ Γ(〈σvr〉,mDM) δ(Eν −mDM) , (4)
3 Note that, because of the very long propagation distances, ∆m2 L/E  1, an incoherent mixture of mass eigenstates arrives at Earth.
This implies that whatever the flavor fractions at the source are, the νe fraction at the detector would be within [4/7, 5/2]/3, and our
results apply to all cases within a factor of 2 or so.
4FIG. 1: Limits at the 90% C.L. on the DM annihilation cross section as a function of the DM mass. We have considered
annihilations in the Milky Way, with R0 = 8.5 kpc, ρ0 = 0.3 GeV cm−3. The solid line represents the combined analysis with
data from the three different SK phases. The thick red line corresponds to the value that is needed to explain the observed
abundance in thermal DM scenarios, i.e., 〈σvr〉 = 3× 10−26 cm3/s.
where R0 = 8.5 kpc is the Sun’s distance to the galactic center and ρ0 = 0.3 GeV/cm3 is the DM density at that
position. The factor of 2 accounts for the situation where the DM particles are their own antiparticles and must
therefore be omitted in scenarios where this is not the case. In this expression, Javg is the integral of the square of
the DM density in the halo along the line of sight averaged over the Milky Way halo and can be evaluated as [1]
Javg = 1
2R0 ρ20
∫ 1
−1
∫ lmax
0
ρ2(r) dl d(cosψ) . (5)
In this equation, r =
√
R20 − 2 l R0 cosψ + l2, with ψ being the angle between the galactic centre and the line of sight
and the upper limit of integration lmax =
√
R2halo − sinψ2R20 a function of the radius of the halo Rhalo. This quantity
can be estimated numerically using different DM halo profiles. It is equal to Javg = 3 and Javg = 8, assuming the
NFW and Moore profiles, respectively [53–55]. In what follows, we use an intermediate value of Javg = 5 (see Ref. [1]).
Here we improve and update the analysis performed4 in Refs. [2, 3]. In these references, it was found that neutrino
experiments with a low-energy threshold such as Super-Kamiokande (SK) can be used to place limits on DM-ν
interactions for DM candidates with masses in the MeV range. In what follows, we combine SK data from the diffuse
supernova neutrino searches, using the energy resolutions, thresholds and efficiencies from SK-I, II, III phases [56–59].
Given that the maximum observed positron energy is 88 MeV, we simulate the expected neutrino signal from DM
annihilations and the relevant backgrounds for neutrino energies between 10-130 MeV, for each phase. We include
both the interactions of antineutrinos with free protons (inverse beta decay) and the interactions of neutrinos and
antineutrinos with bound nucleons, as done in Refs. [2, 3]. At these energies, the two main sources of background5 are
4 Note that the limit is slightly worse than the analysis in Ref. [2]. Moreover, during the writing of this manuscript, Ref. [6] performed a
similar analysis and obtained bounds an order of magnitude better than the ones presented in this paper.
5 We are not including other two subleading sources of background, such as neutral current (NC) elastic events and low-energy muons or
5the atmospheric νe (and ν¯e) flux and the Michel positrons (and electrons) from the decays at rest of invisible muons
(i.e., muons below detection threshold produced by atmospheric neutrinos), which we compute as in Refs. [2, 3], with
the updated energy resolutions and efficiencies.
We define one χ2i for each SK phase, as defined in Refs. [2, 3], which depends on the rate of DM events (α) and
the rate of events for each of the two sources of background we consider. We then combine these χ2i into a single
quantity, χ2 = χ2I +χ
2
II +χ
2
III, as done in Ref. [60]. The total χ
2 is minimized with respect to the rate of events of the
two background components, resulting in a function of the event rate from DM annihilations, i.e., χ2(α). The 90%
confidence level (C.L.) limit on the DM event rate, α90, is obtained from∫ α90
0
χ2(α) dα∫∞
0
χ2(α) dα
= 0.9 . (6)
We show in Fig. 1 the 90% C.L. limit on the annihilation cross section, which is obtained by solving [60]
Γ(〈σvr〉,mDM)Atot = α90 , Atot ≡
∑
iAi ti∑
i ti
, (7)
where Ai (i = {I, II, III}) is the number of events for a monochromatic neutrino flux, δ(Eν−mDM), for each SK phase
at the detector, and ti are the corresponding data-taking times.
We further constrain the parameter space by superimposing the results from the analysis carried out by the SK
collaboration for GeV neutrinos produced at the galactic centre [52]. This allows us to derive bounds on the DM
annihilation cross section for DM masses between 1–950 GeV. The DM mass range between 130 MeV and 1 GeV
is constrained using the upper bound which was derived in Ref. [7] by comparing the diffuse neutrino flux from all
halos in the universe with the atmospheric neutrinos measured at neutrino detectors such as SK, Fréjus and Amanda.
Finally, for the low DM mass region between 2–17 MeV, we use the measured antineutrino flux at Borexino [61] and
convert this into a conservative upper bound on the annihilation cross section. The last two bounds could be improved
by one or two orders of magnitude with a more detailed analysis. Nevertheless, as we will see, these constraints allow
us to exclude regions of the parameter space where collisional damping could be relevant.
Note that all these constraints are derived for a constant annihilation cross section. Limits on velocity-dependent
cross sections would require to consider the velocity distribution of the DM particles within the halo, e.g., in a similar
way as done in Ref. [62]. However, we have checked that one could derive reasonably accurate limits in the velocity-
dependent case by simply rescaling the constant cross section limits by the appropriate power of the DM velocity in
the halo (vhalo = 10−3 c).
It is important to also notice that these constraints assume a sizable annihilation rate in the Milky Way halo
and, therefore, no asymmetry in the DM and anti DM number densities (should the DM and its antiparticle be
different) [63–65].
III. SCENARIOS
With these constraints in mind, we can perform a systematic study of the viability of DM-ν interactions. Assuming
that DM only interacts with left-handed active neutrinos, we can establish the list of all possible renormalizable
scenarios (i.e., the combination of DM and mediator particles) consistent with Lorentz invariance6.
In what follows, we refer to the DM candidate as χ. The mediator is referred to as Z ′ if it is a spin-1 particle, φ
if it is a spin-0 particle and N if it is a spin-1/2 particle. The expressions for the effective Lagrangian and for the
approximate elastic scattering and annihilation cross sections are summarized in Table I. When the DM candidate
is a spin-1 particle, we consider a real vector candidate, since the only difference with the case of complex vector
DM coupled to a Dirac (Majorana) mediator is a factor of 14 (
5
12 ) in the annihilation cross section
7. To perform our
calculations, we have assumed that
• There are only left-handed neutrinos in the final and/or initial states. For simplicity, we do not differentiate
between neutrino species.
pions misidentified as electrons/positrons. Our results are not significantly affected by this.
6 Scenarios with DM candidates of any spin interacting with a triplet scalar mediator have a very similar phenomenology to those cases
with a spin-1 mediator. Thus, we disregard them for simplicity.
7 This is due to the fact that a real vector DM with a fermion mediator annihilates via a t- and a u- channel, while a complex vector DM
proceeds via a t- channel only.
6• Neutrino masses can be neglected. Nevertheless, the neutrino mass generation mechanism and the particular
nature (Dirac vs Majorana) of neutrinos would impose further constraints on the parameter space.
• The elastic scattering cross section could be safely averaged over the range cos θ ∈ [−0.95, 0.95], to avoid the
co-linear divergence.
• The DM-ν coupling is equal to 1 (g = 1). This means that we are probing the regime where DM is strongly
coupled to neutrinos. Limits can be rescaled accordingly when g  1 and will be discussed in the text.
• For the calculations of the elastic scattering we have assumed that neutrinos follow a Fermi-Dirac distribution
with temperature Tν and consequently, 〈E2ν〉 ' 12.9T 2ν and 〈E4ν〉 ' 396T 4ν .
We have checked that all the scenarios considered in this letter predict a late kinetic decoupling (in agreement with
the way the collisional damping bound was derived) and that the elastic cross section calculations are valid at low
energies (see Appendix B for the full expressions and their approximations at low and high energies). The elastic
scattering cross section depends on the neutrino temperature Tν . The latter differs from the photon temperature
after the standard neutrino decoupling; however the difference can be neglected. We note in addition that the DM-
ν interactions may modify the neutrino temperature by reheating the neutrino sector due to DM annihilations, as
discussed in Section IIC. However the difference between the neutrino and photon temperatures is bound to be small,
owing to the Neff constraint. Hence we have approximated the neutrino temperature to Tν = Tγ throughout this
work.
IV. RESULTS
We now discuss the main features of the scenarios tabulated in Tab. I and the constraints associated with them.
We will discuss the scenarios with spin-1 mediators separately from the scenarios with spin-0 and spin-1/2 mediators
as they lead to different phenomenology.
A. Scenarios with scalar or fermion mediators
1. General considerations
Eight out of the twelve scenarios tabulated in Tab. I involve spin-0 and spin-1/2 mediators. Many share common
properties, so we will articulate the discussion accordingly. In all of these eight scenarios, a left-handed neutrino
couples directly to the DM candidate and the mediator must be heavier than the DM candidate to prevent DM from
decaying. This stability condition excludes half the parameter space of the (mDM, mmediator) plane, as shown in
Fig. 2.
In all these eight configurations, the DM annihilation cross section never involves an s- channel and is therefore
never resonantly enhanced8. Furthermore, in most cases, we observe that the annihilation cross section is dominated
by a velocity-independent term, except for complex scalar or Majorana DM for which it is v2-suppressed and for real
DM candidates, as it is v4-suppressed. As expected, a velocity-suppressed cross section weakens the indirect detection
constraint (since vr ∼ 10−3 c in the halo), which in turns opens up the parameter space, as shown explicitly in Fig. 2
(right) (see Section. IID for details).
The elastic scattering cross section associated with these scenarios depends on the square of the neutrino energy
(E2ν). The only exception occurs for real DM candidates in which case the elastic scattering cross section varies as E4ν
(see Table I). We note also that, for a very strong mass degeneracy (mmediator−mDM  Eν), the denominator of the
propagator depends solely on the transferred momentum, which is similar to the neutrino energy. Consequently, the
elastic cross section no longer depends on the neutrino energy [25] and can be considerably enhanced. This is shown
as the region along the diagonal in Fig. 2.
All (elastic scattering and annihilation) cross sections depend on both the DM and mediator masses, as well as the
coupling g. One can therefore constrain both the DM and mediator masses using the collisional damping and indirect
detection constraints for a fixed value of the coupling g, which we take to be unity in the figures for definiteness.
8 In the case of a triplet scalar mediator, the annihilation cross section proceeds via a s- channel, but we have not considered it in the
eight scenarios above.
7Scenario Lagrangian (Lint) σvr σel
Complex DM
Dirac Mediator
− g χNR νL + h.c.
g4
12pi
m2DM
(m2DM +m
2
N)
2 v
2
CM
g4
32pi
m2DM y
2
(m2N−m2DM)2
Real DM
Dirac Mediator
4 g4
15pi
m6DM
(m2DM +m
2
N)
4 v
4
CM
g4
8pi
m6DM y
4
(m2N−m2DM)4
Complex DM
Majorana Mediator
g4
16pi
m2N
(m2DM +m
2
N)
2
g4
32pi
m2DM y
2
(m2N−m2DM)2
Real DM
Majorana Mediator
g4
4pi
m2N
(m2DM +m
2
N)
2
g4
8pi
m6DM y
4
(m2N−m2DM)4
Dirac DM
Scalar Mediator −gχRνLφ + h.c.
g4
32pi
m2DM
(m2DM +m
2
φ)
2
g4
32pi
m2DM y
2
(m2DM−m2φ)2
Majorana DM
Scalar Mediator
g4
12pi
m2DM
(m2DM +m
2
φ)
2 v
2
CM
g4
16pi
m2DM y
2
(m2DM−m2φ)2
Vector DM
Dirac Mediator − gNLγµχµνL + h.c.
2 g4
9pi
m2DM
(m2DM +m
2
N)
2
g4
4pi
m2DM y
2
(m2DM−m2N)2
Vector DM
Majorana Mediator
g4
6pi
m2N
(m2DM +m
2
N)
2
Complex DM
Vector mediator
− gχZ ′µ((∂µχ)χ† − (∂µχ)†χ)
− gννLγµZ ′µνL
g2χ g
2
ν
3pi
m2DM
(4m2DM−m2Z′)2
v2CM
g2χ g
2
ν
8pi
m2DM y
2
m4
Z′
Dirac DM
Vector Mediator
− gχLχLγµZ ′µχL − gχRχRγµZ ′µχR
− gννLγµZ ′µνL
g2χ g
2
ν
2pi
m2DM
(4m2DM−m2Z′)2
g2χ g
2
ν
8pi
m2DM y
2
m4
Z′
Majorana DM
Vector Mediator
− gχ
2
χ¯γµZ ′µγ
5χ
− gννLγµZ ′µνL
g2χ g
2
ν
12pi
m2DM
(4m2DM−m2Z′)2
v2CM
3 g2χ g
2
ν
32pi
m2DM y
2
m4
Z′
Vector DM
Vector Mediator
− gχ 12χµ∂µχνZ ′ν + h.c.
− gννLγµZ ′µνL
g2χ g
2
ν
pi
m2DM
(4m2DM−m2Z′)2
v2CM
g2χ g
2
ν
8pi
m2DM y
2
m4
Z′
TABLE I: This table presents the relevant terms in the Lagrangian, the approximate expressions for the annihilation cross
section and the low-energy limit of the elastic scattering for all possible scenarios that involve DM-ν interactions (12 in total).
Only the leading terms in vCM and y = (s −m2DM)/m2DM ' 2Eν/mDM (with s the usual Mandelstam variable) are presented
for the thermally averaged annihilation cross section and the elastic scattering cross section, respectively. We refer the reader
to Appendix B for the full expressions of the elastic scattering cross sections.
8FIG. 2: Elastic scattering of Dirac DM (left) and Majorana DM (right) coupled to a scalar mediator in the mφ−mDM plane for
g = 1. Different regions are constrained by: the collisional damping limit (dashed region and black line along the diagonal up to
the orange dot), a conservative bound from the antineutrino flux at Borexino [61] (in yellow), our analysis at SuperKamiokande
(SK) described in Section IID (in red), the analysis done in Ref. [1] using results from SK, Fréjus and Amanda (in green), and
the analysis done by the SK collaboration for GeV neutrinos produced at the galactic centre [52] (in purple). The parameters
that give rise to the right relic abundance (brown line) are shown as a reference. The dashed line refers to the DM mass upper
bound derived from Neff in [48, 51] as discussed in Section II C.
2. Fermion DM and scalar mediator
Most of the scenarios listed in this section predict a similar phenomenology. For illustration purposes, we shall
focus on fermion DM particles coupled to a scalar mediator. However, the discussion below can be easily extended to
other scenarios.
The corresponding Lagrangian is given by
Lint ⊃ − g φχR νL + h.c. , (8)
where χ is the DM and can be either a Dirac or Majorana particle. Since the neutrino is a member of an SU(2)
doublet, one can consider two minimal extensions of the SM which include such a coupling. First, χR can be
promoted to a SU(2) doublet like in supersymmetric models [66] or supersymmetry-inspired models [25]. This would
constrain the DM mass to be heavier than few GeVs or even few TeVs in the presence of co-annihilations [67, 68].
Second, we can assume χR to be a singlet and the scalar φ a SU(2) doublet like in inert doublet models [69]. This
would also imply that the DM necessarily interacts with charged leptons, a scenario which is strongly constrained
by cosmological observations, astrophysics and particle physics experiments [70]. Therefore, such interactions would
need to be suppressed, for instance by a very heavy charged mediator [25, 71].
In order to consider masses below the 100 GeV scale for the DM and the mediator, both fields need to be singlets.
The required coupling in Eq. (8) can then be generated via mixing with extra scalar or fermion doublets. If the
mixing occurs via an extra fermion doublet R, the strongest constraints arise from lepton flavour violating processes
at one loop and from measurements of the anomalous magnetic moments of the electron and the muon [23, 25, 72].
On the other hand, if one introduces another scalar doublet, η, that mixes with the scalar DM singlet, φ, there are
tight, though model-dependent, constraints in the effective DM-ν coupling from the requirement that 2 → 2 scalar
processes must be unitary [73].
a. Annihilation cross section. Dirac particles annihilate via a constant cross section while the cross section is
v2-dependent for Majorana particles. Nevertheless, both models can explain the observed DM abundance if the value
of their annihilation cross section is of the order of 〈σvr〉 ' 3×10−26 cm3/s and 〈σvr〉 ' 6×10−26 cm3/s, respectively,
represented by the brown lines in Fig. 2. For the parameters below that line, the annihilation cross section is larger than
the thermal value. Hence, χ’s cannot constitute all the DM unless one invokes a different production mechanism,
such as the decay of an unstable heavy particle (see Ref. [74] for a recent review of non-thermal DM production
mechanisms) or a regeneration mechanism [75]. In contrast, configurations above the brown line over-predict the DM
9abundance and require, e.g., additional annihilation channels to explain the observed abundance.
We note that, in these fermion DM scenarios, the mediator needs to be light if the DM is weakly coupled to
neutrinos, i.e., g  1. Furthermore, the DM cannot be too heavy. Indeed the stability condition, mDM < mφ, leads
to an upper limit on the DM mass of mDM < 104 (100) MeV for g = 10−1 (10−2) (see Fig. 3). If we further impose
the limit on Neff and require thermal DM, then any coupling smaller than g  10−2 is ruled out.
As expected from the velocity-dependence of the cross section, indirect detection searches are much more sensitive
to Dirac DM candidates than Majorana DM particles (see Fig. 2). Dirac DM candidates strongly coupled to neutrinos
(g ∼ 1 and 〈σvr〉 > 10−26 cm3/s) are excluded by a combination of low-energy neutrino detectors (such as Borexino)
and high-energy experiments, including SK, even when their mass is up to ∼ 100 GeV. As such, limits from future
neutrino detectors combined with those from CMB and gamma-ray observations [62, 76–111] could rule out the entire
thermal DM region below ∼ 100 GeV. Note that the exclusion limit in our plot assumes that, somehow, the candidate’s
relic density matches the observed DM abundance, despite the large annihilation cross section into neutrinos and thus,
would require a regeneration mechanism.
The bounds derived above become significantly weaker when the value of the coupling g becomes smaller (see
Fig. 3). In fact there is no observable signal at SK (and at future neutrino detectors) when g becomes smaller
than g = 10−1 (10−2) if the DM mass is a few GeV (MeV). Note however, that, since the annihilation cross section
controls both the thermal relic density and the indirect detection constraints, it is always possible to test thermal DM
candidates in future neutrino experiments as long as g ≥ 10−2.
b. Elastic scattering cross section. The elastic scattering cross section is similar for Majorana and Dirac
DM. It reads
σel ' 1.1 (2.2) × 10−41 g4
(
Tν
T0
)2 ( mφ
MeV
)−4 (
1−
(
mDM
mφ
)2)−2
cm2, (9)
for Dirac (Majorana) DM candidates. The difference stems from the additional s- channel diagram in the Majorana
case. When the DM and mediator masses are degenerated, the elastic scattering cross section in the low-energy regime
becomes
σel = 1 (2)× g4 1
32 pi m2DM
' 4 (8)× 10−24 g4
(mDM
MeV
)−2
cm2, (10)
for Dirac (Majorana) DM candidates. Therefore, the collisional damping constraint can only exclude masses below
∼ O(10) GeV. In general, collisional damping bounds require rather large values of the elastic scattering cross section,
i.e., light mediators, (mφ ∈ [O(10),O(103)] MeV), and light DM particles (with a mass in the sub–10 MeV range), or
degenerate values of the DM and mediator masses between mDM ∼ [10, 104] MeV (for g = 1), to enhance the elastic
scattering cross section. Given the Neff bound on the DM mass and the Borexino constraints, the first possibility
(light DM and light mediators) is mostly excluded for any value of the coupling. The second option (degenerate
masses) is ruled out by the other indirect detection searches for a large coupling (g = 1).
The exclusion region for fermion DM candidates weakly coupled to neutrinos (i.e., g  1) is shown in Fig. 3. As one
can see, the regions excluded by indirect detection searches and the collisional damping mechanism become smaller.
As a result, Dirac DM candidates heavier than a few GeVs are now allowed.
One can obtain an expression for the elastic scattering cross section that is independent of the coupling g by
combining the elastic scattering and annihilation cross sections when mφ  mDM. The latter reads
σel ' 2.6 (19)× 10−54
(
Tν
T0
)2 (mDM
MeV
)−2 ( 〈σvr〉
3× 10−26 cm3/s
)
cm2 , (11)
for Dirac (Majorana) DM, assuming vCM ' 1/3 at freeze-out. This expression can be used to set a lower bound
on the DM mass using the collisional damping constraint in Eq. (2) and requiring DM annihilations into neutrinos
to explain the observed DM abundance. As can be readily seen from Eq. (11), thermal candidates must be heavier
than mDM > 14 keV (or mDM > 34 keV). These constraints are not as stringent as the limits from Neff described in
Section IIC, which impose mDM > 10 MeV for Dirac DM and mDM > 3.5 MeV for Majorana DM [48, 51]. However,
unlike the Neff constraint, the collisional damping bound remains valid in the case of asymmetric DM candidates,
and also enables to constrain the mediator mass. Furthermore, it is worth recalling that we have used a conservative
limit from collisional damping, which may improve with a better knowledge of the matter distribution in the early
Universe and an improved understanding of the role of baryonic physics in galaxy formation.
Finally, the lower limit on the DM mass that we have found by combining the annihilation and scattering cross
sections should remain the same when g  1, because both the annihilation and elastic scattering cross sections scale
in the same way with respect to the coupling g.
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FIG. 3: Same as Fig. 2 but for g = 10−2 (left) and for g = 10−1 (right).
Other scenarios where the mediator is either a fermion or a scalar show a similar behaviour to the one discussed
here, if no lepton number violating (LNV) process occurs. Specifically, scenarios in which a vector DM candidate is
coupled to a Dirac mediator would have a very similar behaviour to the case of a Dirac DM particle coupled to a scalar
mediator. Indeed, the leading term in the annihilation cross section is velocity-independent and features the same DM
and mediator mass dependence. The scenario with a complex scalar DM coupled to a Dirac mediator is analogous to
the Majorana DM case, and given the v2 dependence of the annihilation cross section, indirect DM searches are less
sensitive to it. The only case which is somewhat different is the real scalar DM and Dirac mediator scenario, since the
annihilation cross section scales as v4. Therefore, finding evidence for this scenario using indirect detection searches
would be very challenging. In this case, unless mDM ∼ mN, the elastic cross section is severely suppressed, as it varies
as E4ν . Therefore, for this scenario we only expect sizable collisional damping when the mediator and DM masses are
similar and in the ∼ [4, 104] MeV range, i.e., above the Neff bound (see Appendix C for the relevant results of the
remaining scenarios).
3. Scalar DM and Majorana mediator
When the mediator is a Majorana particle, LNV processes are allowed and change the phenomenology significantly.
In fact, LNV processes may constitute the dominant annihilation channels. This is the case for example when the
DM is a spin-0 or a spin-1 particle that interacts with active neutrinos through the exchange of a Majorana fermion
NR. We will focus here on the spin-0 DM scenario for concreteness, but similar conclusions apply to a spin-1 DM
candidate. The term in the Lagrangian describing this interaction corresponds to
Lint ⊃ − g χNR νL + h.c. , (12)
and applies regardless the DM candidate, χ, is a real or complex scalar. Note that the same interaction term can also
lead to neutrino masses at loop level [20, 21, 112, 113].
a. Annihilation cross section. The two dominant annihilation channels are χχ∗ → νν and χχ∗ → ν¯ν¯, which
violate lepton number by two units. We ignore annihilations into χχ∗ → νν¯, even though they also take place in LNV
scenarios because the associated cross section is v2-suppressed. This scenario provides a natural implementation of
thermal light DM candidates while keeping the mass of the mediator very heavy. The annihilation cross section is
proportional to
〈σvr〉 ∝ g4 m
2
N
(m2DM +m
2
N)
2 ∝
g4
m2N
, (13)
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FIG. 4: Same as Fig. 2 but for complex DM with a Majorana mediator (left) and for Dirac DM with a vector mediator (right).
when mN  mDM. The relic density does not constrain the DM mass, but only the mediator mass and the coupling
g, satisfying the relation
mN ' O(1) g2
( 〈σvr〉
3× 10−26 cm3/s
)− 12
TeV. (14)
Hence, the DM candidate could be light while the mediator could be very heavy, i.e., with a mass of a few TeVs for
g = 1. Since the leading term in the annihilation cross section is velocity-independent, we expect a copious production
of neutrinos in the galactic halo. As a result, indirect detection searches set significant constraints and exclude a large
fraction of the parameter space for DM particles with a mass in between [2, 104] MeV.
b. Elastic scattering cross section. The elastic scattering is mostly controlled by the mediator mass and E0,
and reads
σel ' 1.2× 10−41 g4
(
Tν
T0
)2 ( mN
MeV
)−4 (
1−
(
mDM
mN
)2)−2
cm2 , (15)
assuming mN  mDM. As for the previous scenario, this cross section can be significantly enhanced if both the
mediator and DM masses are degenerate.
Observable collisional damping effects require either very light DM particles, mDM < 2 MeV or degenerate DM
and mediator masses with values below mDM < 10 GeV. This is however excluded by the Neff bound and indirect
DM searches, respectively. It should be pointed out also that, for these configurations, the annihilation cross section
exceeds the canonical value 〈σvr〉 ' 3 × 10−26 cm3/s when g = 1. Therefore, one may have to invoke a regeneration
mechanism to explain the observed DM abundance in these scenarios. Nevertheless, this may be ruled out ultimately
by indirect detection searches [75]. Furthermore, if the DM candidate is a real scalar, the elastic scattering cross
section scales as E4ν and it is therefore very suppressed. Consequently, there is no room for significant collisional
damping in this case (see Appendix C).
B. Scenarios with a vector mediator
We now discuss scenarios where the mediator is a spin-1 particle. There are four possible Lagrangians to describe
DM-ν interactions in presence of such a mediator, which are shown in Table I. For concreteness, let us focus on
scenarios with a spin-0 or spin-1/2 (Dirac) DM candidate. The associated Lagrangians read
Lint ⊃

− gννLγµZ ′µνL − gχZ ′µ
(
(∂µχ)χ
† − (∂µχ)†χ
)
,
− gννLγµZ ′µνL − gχL,RχL,RγµZ ′µχL,R .
(16)
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In both cases, the first term represents the coupling of the spin-1 particle to active neutrinos while the second term
represents the spin-1 coupling to the DM particle. The top (bottom) line corresponds to a vector coupling to a complex
scalar or Dirac DM candidate, respectively9. This type of interaction was initially introduced in Refs. [17, 25] as an
attempt to build viable models of sub-GeV DM candidates and illustrates the new collisional damping effects described
in Refs. [17, 18]. As such, these model building efforts provided an exception to the Hut [114] and Lee-Weinberg [115]
calculations which forbid light thermal DM candidates.
More recently, models where the DM is coupled to a light spin-1 mediator have been proposed in the context of
self-interacting DM [116] and models with both self-interactions and DM-ν interactions (all mediated by a spin-1
boson) have also been considered in Refs. [117–119]. In these references, collisional damping – that stems from early
DM interactions – is neglected and the thermal-production assumption has been relaxed.
The phenomenology of these scenarios with spin-1 mediators is different from that associated with spin-0 and spin-
1/2 mediators. Firstly, the absence of a direct coupling between the DM candidate and neutrinos ensures the stability
of the DM candidate. Mediators lighter than the DM are allowed (unlike for the spin-0 and spin-1/2 mediator cases).
Secondly, since DM can be heavier than the mediator, DM particles can also annihilate into two spin-1 particles. This
process may actually be the dominant annihilation channel, depending on the exact value of the couplings.
a. Annihilation cross section. For concreteness, we shall consider Dirac DM candidates coupled to vector
boson mediators, i.e., gχL = gχR . When the mediator is heavier than the DM particles, the only possible annihilation
channel is a neutrino/antineutrino pair. The associated cross section is given by
〈σvr〉 =
g2χ g
2
ν
2pi
m2DM
(4m2DM −m2Z′)2
' g
2
χ g
2
ν
2pi
m2DM
m4Z′
, (17)
which can become resonant since it proceeds via an s- channel diagram. We do not illustrate the impact of the
resonance on the parameter space but a smaller value of the coupling would be required to explain the observed DM
abundance10.
When the mediator is lighter than the DM particles, annihilations can be both i) into neutrino/antineutrino pairs,
with a cross section of the order of
〈σvr〉νν¯ '
g2χ g
2
ν
32pi
1
m2DM
, (18)
and ii) into two vector bosons, with a cross section of the order of
〈σvr〉Z′ Z′ =
g4χ
8pim2DM
√
1− m
2
Z′
m2DM
' g
4
χ
8pi
1
m2DM
, (19)
which does not have a resonant structure since the Z ′ are produced via a t- channel diagram.
Both final states eventually contribute to the relic density calculations. However one may dominate over the other
one, depending on the relative strength of gχ and gν (hence the two thermal lines in Fig. 4). One expects a lower
limit on the Z ′ mass if Z ′’s are copiously produced by DM annihilations and decay into neutrinos after the standard
neutrino decoupling, as this would lead to an increase in Neff . To avoid such a limit, one can invoke additional Z ′
decay channels to suppress the branching fraction into neutrinos11.
Here, we only consider the χχ¯ → νν¯ channel in order to derive the constraints from indirect detection searches.
For mediators lighter than the DM mass, the DM annihilation into two vector bosons could also yield a signal in
neutrino detectors if the produced Z ′’s decay into neutrino/antineutrino pairs. This signal would however generate a
box-shaped energy spectrum that depends on the Z ′ branching ratio into neutrinos and on the mDM/mZ′ ratio [120].
For simplicity, we do not consider this case.
Note that the Sommerfeld enhancement of the annihilation cross section when mZ′  mDM at the time of freeze-
out is expected to be small and consequently, we disregard this effect12. However, the Sommerfeld effect might
be important at late-times and it might increase the neutrino production in the galactic halo, in particular for v2-
dependent cross sections and DM masses above 1 TeV [123, 124]. Nevertheless, our analysis focuses on smaller DM
9 If DM is a Majorana particle, the coupling is chiral and gχL = −gχR , so that gvector = gR+gL2 = 0, while gaxial =
gR−gL
2
= 2 gR.
10 In fact, using the Breit-Wigner form of the propagator, a DM mass of the order of O(100) TeV would be needed to explain the observed
DM abundance for gχ = 1.
11 A dedicated analysis would be required to obtain a precise bound on the Z′ mass in an UV-complete model.
12 We expect order O(1) corrections to our relic density results [121, 122].
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masses and we do not consider the effects of such enhancements, although this might rule out tiny DM mass regions
between the 1–100 TeV regime, depending on the particular scenario [125].
The scalar and Majorana DM case is similar except that the annihilation cross section is v2-dominated and therefore
suppressed with respect to the Dirac DM case. Yet, despite the v2-dependent suppression, indirect detection searches
rule out the parameter space where large collisional damping effects would be expected (see Appendix C).
b. Elastic scattering cross section. The elastic scattering cross section for spin-1 mediator scenarios is inde-
pendent of the DM mass. It reads
σel ' 4.4× 10−41 g2ν g2χ
(
Tν
T0
)2 ( mZ′
MeV
)−4
cm2 , (20)
which proceeds via a t- channel diagram and is proportional to E2ν , in contrast to previous scenarios in which the
cross section is energy-independent in the regime of degenerate DM and mediator masses. Moreover, in contrast to
scenarios with a spin-0 and a spin-1/2 mediator, the mZ′ < mDM region could give rise to measurable collisional
damping for mDM > few MeV. However, for constant annihilation cross sections, indirect detection constraints imply
that only DM masses above & 100 GeV and mediators between [1, 10] MeV would produce sizable collisional damping
for gν = gχ = 1. This is alleviated if the DM annihilation cross section is velocity-dependent (for Majorana, scalar
and vector DM candidates). In such cases, collisional damping could be important for mDM ∼ [1, 10] MeV and
mDM & 100 MeV with mZ′ ∼ [1, 100] MeV. We disregard the indirect detection constraints from the Z ′ decay into a
neutrino/antineutrino pair since they are model-dependent. Moreover, for gχ ∼ gν  1 indirect detection constraints
weaken, allowing for sizable collisional damping for mDM ∼ [0.4, 1] GeV and O(few) MeV mediators masses for
g = 10−1, while mDM & 100 MeV and sub-MeV mediators are required for g = 10−2 .
For a thermal DM candidate and mDM  mZ′ ,
σel ' 7.7× 10−55
(
Tν
T0
)2 (mDM
MeV
)−2 ( 〈σvr〉
3× 10−26 cm3/s
)
cm2 , (21)
so that, using the collisional damping and relic density constraints, we obtain a lower limit on the DMmass independent
of the DM coupling to the mediator and neutrinos (gχ and gν , respectively). More specifically, we findmDM ≥ 9.2 keV.
This lower bound is again less constraining than the one derived by the change in Neff , which in turn, also excludes
observable collisional damping for light DM candidates and mZ′ ∼ [10, 103] MeV. Nevertheless, indirect constraints
could still constrain a large region of the parameter space when gν  1 if one considers the annihilation channel into
a pair of Z ′ for a strongly coupled dark sector (gχ ' 1).
Finally, if the DM candidate is heavier than the mediator, to produce the correct DM relic density assuming only
DM-ν interactions, Eq. (16), requires mDM ' 4 g2χ
(
1 + 14
(
gν
gχ
)2) 12
TeV. Therefore, in the mDM  mZ′ limit and for
a thermal DM candidate, the elastic cross section is
σel ' 1.2× 10−47 g2ν
(
1 +
1
4
(
gν
gχ
)2)− 12 (
Tν
T0
)2 (mDM
MeV
) ( mZ′
MeV
)−4 ( 〈σvr〉
3× 10−26 cm3/s
) 1
2
cm2 , (22)
which, when compared to the collisional damping constraint, Eq. (2), sets a lower bound in the mediator mass of
mZ′ ≥ 2 g
1
2
ν
(
1 + 14
(
gν
gχ
)2)− 18
MeV.
V. CONCLUSIONS
In this paper, we have investigated the viability of scenarios in which DM is coupled to active neutrinos, by
evaluating their cosmological effects (collisional damping and relic density) and their implications for indirect DM
searches with neutrino detectors.
Using a simplified model approach and considering only renormalisable terms in the Lagrangian, we have identified
twelve different scenarios. Many of these share some common properties and can be grouped according to the nature
of the particle that mediates the interactions. For all these scenarios we have computed the elastic scattering and DM
annihilation cross sections. The full expressions are given in the Appendix B while their dominant terms are given
in Table I. We have not explicitly assumed thermal DM. However, we do show the DM and mediator masses that
lead to a thermal annihilation cross section of 〈σvr〉 ' 3× 10−26cm3/s (or 〈σvr〉 ' 6× 10−26cm3/s for v2-dependent
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cross sections). For each of these scenarios, we constrain the parameter space by imposing the stability of the DM
candidate and also that i) the DM-ν interactions are compatible with small scales Lyman-α forest data, ii) there are
no anomalous neutrino signals at Borexino and SK experiments and finally iii) DM annihilations into neutrinos do
not significantly change the CMB angular power spectrum.
We find that, generically, for scalar and fermion mediators that are much heavier than the DM particle, the
annihilation cross section is either constant or velocity-dominated and scales as the square of the DM mass (except
if LNV annihilation channels dominate, which occurs when the mediator is a Majorana particle). While the velocity
dependence is not particularly important at the time of the DM freeze-out, it is crucial for annihilations in the Milky
Way, as it significantly suppresses the neutrino signal. Therefore, only scalar DM-Majorana mediator, Dirac DM-
scalar mediator and vector DM-Dirac mediator scenarios have strong indirect detection constraints. These bounds are
not far from the values required for a thermal DM candidate. Hence, future neutrino experiments have the potential
to significantly improve these constraints and exclude a large fraction of the thermal DM parameter space (assuming
the DM annihilates into SM particles). This conclusion remains valid as long as g  10−2, since the relic density line
and the indirect constraints are both proportional to g4.
The elastic cross section typically scales as the neutrino temperature squared and can be resonantly enhanced if
the DM and mediator masses are nearly degenerate. Observable collisional damping requires very large values of
this cross section, which implies sub-MeV DM masses or the quasi-degenerate DM-mediator mass regime. The first
possibility is, however, excluded by constraints from Neff , using CMB data [48, 51]. The second case is viable, but only
for velocity-dependent annihilation cross sections (scalar DM-Dirac mediator and Majorana DM-scalar mediator), so
that the indirect detection bounds are weak and leave significant portions of the parameter space unconstrained,
in particular, DM masses in the ∼ [100, 104] MeV range for g = 1. The real scalar DM-Dirac mediator case is an
exception, as the annihilation and the elastic scattering cross sections are suppressed by v4 and E4ν terms respectively,
which in turn might produce observable collisional damping if the mediator and DM masses are degenerate and in
the ∼ [4, 104] MeV range.
If the mediator is a vector, the phenomenology is different because it can be lighter than the DM particle and
moreover, when the DM and mediator particles are degenerate in mass, the annihilation cross section can be resonantly
enhanced. If the DM particle is heavier than the vector mediator, the annihilation channel into two vectors is open
and could dominate, depending on the parameters. The indirect DM searches apply to both mass regimes: if DM is
heavier than the mediator, the constraints are similar to those obtained for the previous cases, i.e., strong and close
to the thermal relic line for Dirac DM and significantly weaker for complex, Majorana and vector DM, due to the
velocity dependence of the cross section. In the opposite case, i.e., DM lighter than the mediator, DM can annihilate
both into neutrinos and into Z ′, which can subsequently decay into neutrinos. Depending on the relative strength of
the couplings gν and gχ, either of the two channels can dominate and lead to significant constraints on the parameter
space. The values of the elastic cross section needed for collisional damping and to solve the missing satellite and the
too-big-to-fail problems can be achieved even for heavy DM, if the mediator mass is in the ∼ [1− 10] MeV range.
In summary, we find that DM-ν interactions can have a strong impact on the early and present Universe and that
the complementarity between cosmological and astrophysical constraints can test large areas of the allowed parameter
space. These bounds should be taken into account when considering a particular UV-complete model that generates
interactions between DM and neutrinos and would be particularly relevant for models that generate neutrino masses
while providing a DM candidate.
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Appendix A: Annihilation cross section
The thermally averaged annihilation cross section, multiplied by the relative DM velocity vr, has been calculated
for each scenario to order O(v2CM) in the center-of-mass (CM) velocity. All our calculations agree with the results
presented in Appendix 9.1 of Ref. [25] in the limit of mf → 0 and ClCr → 0, which in their notation, corresponds to
massless left-handed neutrinos and right-handed antineutrinos in the final state, i.e., massless chiral fermions in the
final state.
The annihilation cross section can be written as
σvr =
1
16 pi s
|M|2 = 1
64 pi m2DM
|M|2 − v
2
CM
64 pi m2DM
|M|2 +O (v4CM) , (A1)
where s is the Mandelstam variable and |M|2 is the squared amplitude averaged over initial state spins and summed
over final state spins, integrated over the solid angle.
The expansions of the Mandelstam variables in the CM frame for massless neutrinos are given by
s = 4m2DM (1 + v
2
CM) +O
(
v4CM
)
,
t =−m2DM (1 + 2 v2CM) + 2m2DM cos θvCM (1 + v2CM) +O
(
v4CM
)
,
u =−m2DM (1 + 2 v2CM)− 2m2DM cos θvCM
(
1 + v2CM
)
+O (v4CM) ,
(s−m2M)−2 = (4m2DM −m2M)−2 − 8m2DM v2CM (4m2DM −m2M)−3 +O
(
v4CM
)
,
(t−m2M)−2 = (−m2DM −m2M)−2 −
4m2DM vCM cos θ
(−m2DM −m2M)3
+
4m2DM v
2
CM
(−m2DM −m2M)3
+
12m4DM cos
2 θ v2CM
(−m2DM −m2M)4
+O (v3CM) ,
(u−m2M)−2 = (−m2DM −m2M)−2 +
4m2DM vCM cos θ
(−m2DM −m2M)3
+
4m2DM v
2
CM
(−m2DM −m2M)3
+
12m4DM cos
2 θ v2CM
(−m2DM −m2M)4
+O (v3CM) ,
(t−m2M)−1 (u−m2M)−1 = (−m2DM −m2M)−2 +
4m2DM v
2
CM
(−m2DM −m2M)3
+
4m4DM v
2
CM cos
2 θ
(−m2DM −m2M)4
+O (v3CM) , (A2)
where mM denotes the mass of the mediator. These expressions are in agreement with Ref. [25, 126] in the limit of
massless chiral outgoing particles.
By expanding the cross section as
σvr = a+ b v
2
CM + d v
4
CM , (A3)
we can take the thermal average so that
〈σvr〉 = a+ 9
4
b v2CM +
135
32
dv4CM , (A4)
where equipartition of energy in the non-relativistic limit is assumed [127].
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In the calculation of the averaged square amplitude, in scenarios with a vector mediator, the momentum-dependent
term in the propagator vanishes by virtue of the Dirac equation for massless particles and hence, the massive spin-1
propagator reduces to i(gµν−pµpν/m
2
Z′ )
p2−m2
Z′
→ i gµν
p2−m2
Z′
. In addition, all the calculations involving Majorana fermions are
performed using the Majorana Feynman rules [128, 129].
Appendix B: Elastic scattering cross section
Without loss of generality, in the calculations for the elastic scattering, we assume the velocity of the incident DM
particle to be along the z-axis. The incoming neutrino is then denoted by p1 whereas the outgoing neutrino and DM
particles are labeled as k1 and k2, respectively. The geometry of the system is then
p1 =Eν1(1, sin θ cosφ, sinφ sin θ, cos θ) ,
p2 =EDM1(1, 0, 0, β) ,
k1 =Eν2(1, sin θ
′ cosφ′, sinφ′ sin θ′, cos θ′) ,
k2 =p1 + p2 − k1 , (B1)
where β = |~pDM1 |EDM1 . Moreover, θ is the angle between the incident neutrino and the incoming DM particle, θ
′ is the
angle between the incident DM particle and the outgoing neutrino. In addition, φ and φ′ are the angles between the
direction of the incoming DM particle and the incoming neutrino, and the angle between the direction of the incoming
DM particle and the outgoing neutrino in the x− y plane, respectively.
From the 4-momentum expressions obtained in Eq. (B1), we can define the Mandelstam variables as
s =(p1 + p2)
2 = m2DM + 2 (p1 · p2) = m2DM + 2EDM1 Eν1(1− β µ) ,
u =(p1 − k2)2 = (p2 − k1)2 = m2DM − 2 (p2 · k1) = m2DM − 2EDM1 Eν2(1− βµ′) ,
t =(p1 − k1)2 = −2 (p1 · k1) = −2Eν1 Eν2 (1−∆(µ, µ′)) ,
t =(p2 − k2)2 = 2m2DM − 2 (p2 · k2) = 2EDM1 [Eν2 (1− βµ′)− Eν1 (1− βµ)] , (B2)
where Eν1/ν2 and EDM1/DM2 refer to the incoming/outgoing neutrino and DM energies, respectively, µ ≡ cos θ and
µ′ ≡ cos θ′. Finally, ∆(µ, µ′) is the cosine of the angle between the incoming and outgoing neutrinos and it is related
to the other two cosines as
∆(µ, µ′) = µµ′ +
√
1− µ2
√
1− µ′2 cos(φ− φ′) , (B3)
with the definitions of φ and φ′ given above.
In order to calculate the elastic scattering, we start from the Lorentz invariant cross section in the limit where one
of the incoming particles is massless (the neutrino in this case):
dσel
dt
=
1
16pi (s−m2DM)2
|M(t, s)|2 , (B4)
with t ≤ 0. One can express t in terms of s and u, and make a change of variables u = 2m2DM − s − t for a given
initial energy of the incoming particles (so that s is fixed). We then get
dσel
du
= − 1
16pi (s−m2DM)2
|M(u, s)|2 , (B5)
where 2m2DM − s ≤ u ≤ m
4
DM
s , since for t ≤ 0, s u ≤ m4DM and s ≥ m2DM. These relations are frame independent and
can be entirely derived from conservation laws when one of the incoming particles is massless [130, Chapter VII ].
Note that the minus sign comes from the change of variable.
In order to further simplify the analytic calculations, we make another change of variables, y = (s−m
2
DM)
m2DM
and
w =
(m2DM−u)
m2DM
. We then integrate Eq. (B5) with integration limits y(y+1) ≤ w ≤ y, so that we get the full cross section
in terms of y. Note that using Eq. (B2), y = 2EDM Eν (1−β µ)
m2DM
and so, at low energies β → 0 and y ∼ 2EνmDM , which we
use to calculate our results. By keeping a general frame, one can quickly read off the results for different frames of
reference. For example, in the lab frame, y also reduces to y ∼ 2EνmDM , since pDM = 0 and EDM = mDM. Similarly, in
the CM frame, µ = −1 and so, y = 2EDM Eν (1+β µ)
m2DM
. We now proceed to give the full elastic scattering expressions for
the different scenarios.
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1. Scalar DM coupled to a fermion mediator
The full elastic scattering cross section for a complex DM coupled to a Dirac mediator is given by
σel =
g4
16pi
(
y + 1
m2DM y
2
log
[
1 +
m2DM y
2
m2N (1 + y)−m2DM
]
− 1
m2DM (y − 1) +m2N
)
, (B6)
so that, in the low Eν limit, it has the form
σel =
g4m2DM y
2
32pi (m2N −m2DM)2
+O (y3) ∝ E2ν , (B7)
whereas at high neutrino energies, the elastic scattering cross section becomes
σel =
g4
16pim2DM y
(
log
[
m2DM y
m2N
]
− 1
)
+O
(
1
y2
)
→ 0 . (B8)
For a real DM candidate, the elastic cross section is
σel =
g4
32pi
(
−
(
m4DM (y (10− 3 y (y − 1)) + 6)−m2DMm2N (y + 2) (5y + 6) + 6m4N (y + 1)
)
(y + 1) (m2DM (y − 1) +m2N) (m2N −m2DM (y + 1))2
− 2
(
m2DM (y (y + 2) + 3)− 3m2N (y + 1)
)
m2DM x
2 (m2N −m2DM (y + 1))
log
[
1 +
m2DM y
2
m2N (1 + y)−m2DM
])
, (B9)
which, for low neutrino energies, can be approximated as
σel =
g4m6DM y
4
8pi (m2DM −m2N)4
+O(y5) ∝ E4ν , (B10)
and in the high-energy limit as
σel =
g4
16pim2DM y
(
log
[
m2DM y
m2N
]
− 3
2
)
+O
(
1
y2
)
→ 0 . (B11)
For the case of degenerate fermion mediator and scalar DM, we get
σel =
g4
16pim2DM
(y + 1) log (y + 1)− y
y2
, (B12)
for complex DM and
σel =
g4
32pim2DM
2 (y2 − 1) log (y + 1) + y (3 y + 2)
y2 (y + 1)
, (B13)
for scalar DM. Consequently, in the high-energy limit both cross sections tend to zero, whereas in the low-energy limit
the cross section is independent of the temperature
σel = A
g4
pim2DM
, (B14)
with A = 132 and A =
1
8 for complex and real DM, respectively.
2. Fermion DM coupled to a scalar mediator
If the DM candidate is a Dirac fermion, the elastic scattering occurs only via the u- channel diagram,
σel =
g4
32pim4DM y
2
(
m2DM y
2
y + 1
− (m
2
DM −m2φ)2
m2DM (y − 1) +m2φ
− (y + 1) (m
2
DM −m2φ)2
m2DM −m2φ (y + 1)
+ 2 (m2DM −m2φ) log
[
1 +
m2DM y
2
m2φ (1 + y)−m2DM
])
. (B15)
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In the low-Eν limit, the cross section is approximated as
σel =
g4m2DM y
2
32pi (m2DM −m2φ)2
(
1 +
2m2φ y
m2DM −m2φ
)
+ O (y4) ∝ E2ν , (B16)
while in the high-Eν limit,
σel =
g4
32pim2DM y
+O
(
1
y2
)
→ 0 . (B17)
On the other hand, if the DM candidate is a Majorana particle, the elastic cross section is given by
σel =
g4
32pim4DM y
2
(
m6DM y
4
(y + 1) (m2φ − (y + 1)m2DM)2
− (m
2
DM −m2φ)2
m2DM (y − 1) +m2φ
+
m2DM y
2
y + 1
− (y + 1) (m
2
DM −m2φ)2
m2DM −m2φ (y + 1)
+ 2 (m2DM −m2φ) log
[
1 +
m2DM y
2
m2φ (1 + y)−m2DM
])
. (B18)
For low neutrino energies, the cross section reads
σel =
g4m2DM y
2
16pi (m2DM −m2φ)2
(
1− 3 y
2
)
+O (y4) ∝ E2ν , (B19)
while in the high-Eν limit,
σel =
g4
16pim2DM y
+O
(
1
y2
)
→ 0 . (B20)
In this scenario, different results are obtained if the scalar mediator and the fermion DM candidate are degenerated
in mass:
σel = A
g4
pim2DM
(
1
1 + y
)
, (B21)
with A = 132 and A =
1
16 for Dirac and Majorana DM, respectively. This implies that in the mass degenerated regime,
the low-energy neutrino energy limits are σel = g
4
32pim2DM
for Dirac DM and σel = g
4
16pim2DM
for Majorana DM, while
they are both zero in the high-energy limit.
3. Vector DM coupled to a Dirac mediator
The coupling for this scenario can arise by constructing a tower of Kaluza-Klein neutrino and photon excited states
and couple the first excited state of the antineutrino (N¯L) to the first excited state of the photon (the DM candidate,
χµ), and a standard νL neutrino. We disregard the possibility of the excited state of the neutrino being the DM
candidate, since this implies that it could interact with any SM fermion via its coupling to the SM Z boson. This
thus, falls beyond the scenarios considered in this paper, where we assume annihilation to neutrinos to be the dominant
channel. Furthermore, the constraints from direct detection in such scenarios are quite stringent and much stronger
than the bounds that can be derived from collisional damping [131, 132]. For this scenario, the elastic scattering cross
section is
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σel =
g4
96pim6DM y
2 (m2N −m2DM (x+ 1))2
(
m2DM y
2 (4m10DM
(
y (y3 + 5 y + 16) + 10
)
(y + 1)2 (m2DM (y − 1) +m2N) (m2DM −m2N (y + 1))
+
−4m8DMm2N (y + 1)
(
y
(
y3 + 10 y + 24
)
+ 30
)
+m6DMm
4
N (y (y (y (y (8 y + 41) + 100) + 189) + 216) + 102)
(y + 1)2 (m2DM (y − 1) +m2N) (m2DM −m2N (y + 1))
+
−m4DMm6N (y (y (y ((17− 3 y) y + 58) + 66) + 10)− 14)− 6m10N (y − 3) (y + 1)2)
(y + 1)2 (m2DM (y − 1) +m2N)(m2DM −m2N (y + 1))
+
m2DMm
8
N (y (y (5 y + 17)− 30)− 54))
(y + 1) (m2DM (y − 1) +m2N)(m2DM −m2N (y + 1))
+ 2
(
m2DM (y + 1)−m2N)
(
4m6DM ((y − 2) y + 5
)− 4m4DMm2N (y + 5) +m2DMm4N (y (y + 6)− 9)− 3m6N (y − 3))
× log
[
1 +
m2DMy
2
m2N (1 + y)−m2DM
])
. (B22)
Consequently, in the low-energy limit, the elastic scattering cross section reads
σel =
g4 y2m2DM
4pi (m2N −m2DM)2
+O (y3) ∝ E2ν , (B23)
whereas for high neutrino energies,
σel =
g4m4N
32pi ym6DM
+O
(
1
y2
)
→ 0 . (B24)
In the region of the parameter space where the mediator and DM candidates are degenerate in mass, the elastic
scattering cross section is given by
σel =
g4
96pim2DM y
2 (y + 1)2
(y (y (7 y + 29) + 18) + 2 (5 y − 9) (y + 1)2)× log(y + 1) , (B25)
so that for low neutrino energies,
σel =
g4
8pim2DM
, (B26)
while for high neutrino energies,
σel =
g4
96pim2DM y
(7 + 10 log(y)) → 0 . (B27)
4. Scalar DM coupled to a vector mediator
In this case, the elastic scattering cross section is given by
σel =
g2χ g
2
ν
4pim2Z′
(
1− z log
[
1 +
1
z
])
, (B28)
with
z =
m2Z′ (1 + y)
m2DM y
2
. (B29)
In the low-energy limit, the cross section is temperature-dependent,
σel =
g2χ g
2
νm
2
DM y
2
8pim4Z′
(1− y) +O (y4) ∝ E2ν , (B30)
whereas at high energies,
σel =
g2χ g
2
ν
4pi
 1
mZ′
+
log
(
m2
Z′
m2DM y
)
m2DM y
+O( 1
y2
)
∝ constant . (B31)
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5. Fermion DM coupled to a vector mediator
This process occurs via the t- channel and the elastic scattering cross section and for Dirac DM is given by
σel =
g2χ g
2
ν
8pim2DM
(
m2Z′
m2DM y
2 +m2Z′ (y + 1)
+
2m2DM
m2Z′
+
1
y + 1
− 2 m
2
DM (y + 1) +m
2
Z′
m2DM y
2
log
[
1 +
m2DM y
2
m2Z′ (1 + y)
])
,
whereas for Majorana DM,
σel =
g2χ g
2
ν
32pim2DM
(
2m4DM y
2
m2Z′ (m
2
DM y
2 +m2Z′ (y + 1))
+
m2DM (3 y
2 − 2) + 2m2Z′ (y + 1)
(y + 1) (m2DM y
2 +m2Z′ (y + 1))
− 2 (m
2
DM (y − 1) +m2Z′)
m2DM y
2
× log
[
m2DM y
2
m2Z′ (y + 1)
+ 1
])
.
(B32)
In the low-energy limit, the cross section reduces to
σel =
g2χ g
2
νm
2
DM y
2
8pim4Z′
(1− y) +O (y4) ∝ E2ν , (B33)
for Dirac DM and to
σel =
3 g2χ g
2
νm
2
DM y
2
16pim4Z′
(
1− 5 y
3
)
+O (y4) ∝ E2ν , (B34)
for Majorana DM.
In the high-Eν limit, the cross section for Dirac DM is approximated as
σel =
g2χ g
2
ν
4pi
 1
mZ′
+
(
log
[
m2
Z′
m2DM y
]
+ 1
)
m2DM y
+O( 1
y2
)
∝ constant ,
while for Majorana DM,
σel =
g2χ g
2
ν
16pi
 1
mZ′
+
(
log
[
m2
Z′
m2DMy
]
+ 12
)
m2DM y
+O( 1
y2
)
∝ constant .
(B35)
6. Vector DM coupled to a vector mediator
For this last scenario, the elastic scattering cross section is given by
σel =
g2χ g
2
ν
96pim4DM
(
24m6DM y
2 (y + 1)2 +m4DMm
2
Z′ (y (y (y (y (4 y − 35)− 48) + 40) + 72) + 24)
m2Z′ (y + 1)
2 (m2DM y
2 +m2DM (y + 1))
+
m2DMm
4
Z′ (y + 1) (y (y (28 y − 15)− 64)− 24) + 6m6Z′ (4 y + 3) (y + 1)2
m2Z′ (y + 1)
2 (m2DM y
2 +m2DM (y + 1))
+
2 (2m4DM (y (5 y − 6)− 6) + 4m2DMm2Z′ ((5− 2 y) y + 3)− 3m4Z′ (4 y + 3))
m2DM y
2
× log
[
m2DM y
2
m2Z′ (y + 1)
+ 1
])
,
(B36)
so that for small energies, the cross section can be written as
σel =
g2χ g
2
νm
2
DM y
2
8pim4Z′
(1− y) +O (y4) ∝ E2ν . (B37)
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Finally, in the high-energy limit,
σel =
g2χ g
2
ν
96pim2DM
(
y + 4 (6m2DM −m2Z′)× log
[
m2DM y
m2Z′
]
+
3 (9m4DM − 15m2DMm2Z′ + 2m4Z′)
m2Z′
)
+O
(
1
y
)
∝ Eν .
(B38)
Thus, this is the only scenario with the cross section proportional to the neutrino energy in the high-energy limit.
Appendix C: Results for all scenarios
1. Scalar DM and Dirac mediator
FIG. 5: Same as Fig. 2 but for complex DM (left) and real DM (right) with a Dirac mediator.
2. Real DM and Majorana mediator
FIG. 6: Same as Fig. 2, but for real DM with a Majorana mediator.
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3. Vector DM and fermion mediator
FIG. 7: Same as Fig. 2 but for vector DM with a Dirac mediator (left) and a Majorana mediator (right). The dashed band for
the Neff bound is due to the fact that there is no precise bound for vector DM but it is expected to lie within the 1–10 MeV
region.
4. Scalar DM and vector mediator
FIG. 8: Same as Fig. 2, but for scalar DM with a vector mediator. The vertical line represents the resonant region where
2mZ′ ' mDM.
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5. Majorana DM and vector mediator
FIG. 9: Same as Fig. 2, but for Majorana DM with a vector mediator. The vertical line represents the resonant region where
2mZ′ ' mDM.
6. Vector DM and vector mediator
FIG. 10: Same as Fig. 2 but for vector DM with a vector mediator. The vertical line represents the resonant region where
2mZ′ ' mDM. The dashed band for the Neff bound is due to the fact that there is no precise bound for vector DM, although
it is expected to lie within the 1–10 MeV region.
